The vibration and noise from internal gears is an important issue in mechanical devices such as automobiles. The characteristics of the vibration and noise of internal gears are markedly influenced by micrometer-order manufacturing errors of the tooth flank form. Therefore, quality control using a measuring instrument is required. The accuracy of a gear measuring instrument is usually evaluated using a master gear. However, it is difficult to manufacture master gears with high accuracy because the reference surface of a master gear for an internal gear has a geometrically complicated form. This limits the accuracy of the evaluation and calibration of measuring instruments for internal gears. In order to address this problem, the present paper proposes a novel artifact with a concave spherical surface for the evaluation of the accuracy of measuring instruments for internal gears. A concave spherical surface can be manufactured with high accuracy because of its simple features. As such, a highly accurate artifact can be developed using this surface. In the present paper, the concept for the proposed artifact is described, and a mathematical model for the measurement conditions of the artifact is constructed. The design of the artifact is described, and an evaluation method for the measuring instrument is developed. The artifact is then manufactured, and its accuracy is calibrated. A measurement experiment using the proposed artifact is carried out, and the effectiveness of the evaluation method is verified.
Introduction
Reduction of gear noise is an important issue because gear noise is related to the quality of an automobile (Komori et al., 2000; Komori et al., 2003) . Since gear noise is affected by micrometer-order manufacturing errors of the tooth flank form, quality control of the tooth flank form of gears is necessary in order to reduce gear noise. There are various types of measurement methods for the tooth flank form of gears (Goch, 2003; Robinson et al., 1995; Suh et al., 2002; Boukebbab et al., 2007; Guenther and Hocken, 2006; Dantan et al., 2007; Oguma and Kawasaki, 2001) . A number of measurement methods, such as fringe projection (Goch, 2003) , holographic interferometry (Fujio et al., 1999) , optical measurement (Okuyama et al., 1994) , laser interferometry (Takeoka et al., 2008) , and laser tracking (Haertig et al., 2003 (Haertig et al., , 2005 , have been proposed. However, in many factories, a specialized measuring machine for gears (Oguma and Kawasaki, 2001 ) and a coordinate measuring machine (Rasnick et al., 1998) are used. A gear measuring instrument (a specialized measuring machine for gears) is often used for quality control of the tooth flank form because of its high measurement speed. Therefore, a gear measuring instrument with high accuracy is necessary in order to enable the advanced quality control of gears. The quality of gear noise is influenced even by a tooth flank undulation of several micrometers. Thus, a gear measuring instrument with an accuracy of 1 µm or higher is required. However, the accuracy of current gear measuring instruments is thought to be on the order of several micrometers, so that the required accuracy cannot be achieved. For the purpose of quality control, it is important to evaluate and calibrate the accuracy of gear measuring instruments. In most cases, an artifact (master gauge) with high accuracy is used for calibration. In principle, the accuracy of the gear measuring instrument does not exceed the accuracy of the artifact used for calibration. Thus, an artifact with high accuracy is required. A master gear is an artifact that has a similar shape to a common gear and, in many factories, is used to calibrate the gear measuring instrument. In addition, various types of specialized artifacts exist. An involute artifact has an involute profile form, and a lead artifact or helicoid artifact has a helicoid form for lead measurement (measurement in the axial direction) (Physikalisch-Technische Bundesanstalt brochure; Och, 2006; Beyer, 1996; Beyer and Pahl, 1996; Frazer et al., 2004) . However, the accuracy of master gears or these artifacts is not high enough because it is difficult to manufacture such master gears or artifacts due to their complicated reference surface form. For example, the accuracy of master gears is approximately 1 µm. Master gears are manufactured by grinding, and therefore undulation due to grinding marks exist on the reference surface. This reduces the accuracy of master gears. In order to address this problem regarding the measurement of external gears, artifacts using geometrically simple features, such as balls, planes, and cylinders, have been proposed by the authors (Kubo et al., 2006; Komori et al., 2010a; Kondo and Mizutani, 2002; Komori et al., 2009a; Komori et al., 2010b; Kondo et al., 2010; Komori et al., 2009b; Komori et al., 2014; Komori et al., 2016a; Komori et al., 2016b) . These artifacts can have a high accuracy because balls, planes, and cylinders can be manufactured with high accuracy, i.e., on the order of several tens of nanometers. Such artifacts improve the calibration of gear measuring instruments.
Shown in Fig. 1 is an example of an internal gear, which is a widely used component in planetary gear mechanisms for automobile automatic transmissions. An internal gear also requires high accuracy in the tooth profile form in order to reduce vibration and noise. However, current master gears for an internal gear are not accurate enough, and a sufficiently accurate artifact for an internal gear has not yet been developed. In order to address this problem, in the present study, a novel artifact with a concave spherical surface is proposed for evaluating the accuracy of a measuring instrument for an internal gear. A concave spherical surface is used as the reference surface because this surface is geometrically simple and can be manufactured with a high accuracy on the order of several tens of nanometers. In the present study, the concept for the proposed artifact is described. Moreover, theoretical analysis and design are performed, and an evaluation method for the measuring instrument is developed. The proposed artifact is then manufactured, and its accuracy is calibrated. A measurement experiment is performed using the proposed artifact, and the effectiveness of the evaluation method is verified.
Concave involute tooth flank In the present study, a measuring instrument for internal gears with an involute tooth flank is discussed. In a common measurement method for the profile of an internal gear, the gear is rotated while the stylus of the measuring instrument moves in the direction of the line of action, and their motions are synchronized. This motion causes the relative motion between the internal gear and the stylus to follow an involute curve. This is a generating-type involute profile measurement method which is often used in industry. This measurement method is investigated in the present study. Figure 2 shows the base circle and involute profile of an internal gear and the stylus of the measuring instrument. The base circle radius of the internal gear is r b . Theoretically, when the involute profile is rotated around the center of the base circle by angle θ, the crossing point between the involute profile and the line of action moves by r b θ. However, in practice the tooth flank of a manufactured internal gear has a degree of form error. In this case, the actual crossing point deviates from the theoretical crossing point, and the actual distance moved differs from the theoretical distance (r b θ). In the generating-type tooth profile measurement, the measuring stylus moves along the line of action synchronously with the rotation of the gear, which remains in contact with the tooth flank. The difference between the theoretical involute form and the actual form of the gear tooth flank is measured by the stylus and probe and is output from the measuring instrument. 
Concept for the concave spherical artifact
Two conditions must be satisfied for the artifact to be used to evaluate the accuracy of the gear measuring instrument: (a) the artifact must be manufactured with high accuracy and (b) the artifact must be easy to manufacture. Condition (a) is necessary because the higher the accuracy of the artifact, the more precisely the accuracy of the measuring instrument can be evaluated, so that the certifiable measurement accuracy of the measuring instrument is higher. Condition (b) is necessary in order to reduce the manufacturing cost and to increase the availability of the artifact. Simple forms such as spherical and planar surfaces can be manufactured more precisely than the involute forms. Therefore, an artifact that has a simple form as the reference surface has an advantage in accuracy. In the present paper, an artifact using a concave spherical surface is proposed for the evaluation of the measurement accuracy of an internal gear. Figure 3 shows a schematic diagram of the proposed concave spherical artifact. A ball (center ball) and a concave spherical surface are fixed on a plane (base plate). The center ball is used to define the center axis of the artifact. The concave spherical surface acts as the tooth flank of the internal gear. In other words, the concave spherical surface is measured rather than the tooth flank of the internal gear in the measurement using the gear measuring instrument. The concave spherical surface is similar in form to the concave involute tooth flank of the internal gear shown in Fig. 1 and, therefore, can be measured instead of the tooth flank of the internal gear. Conventional master gears with an involute surface are finished by grinding during manufacture, and thus deep grinding marks exist on the tooth flank. Therefore, roughness and undulation appear on the tooth flank to a certain degree. In many cases, the deviation between the theoretical involute form and the actual tooth flank form of the master gear is approximately 1 µm or more, owing to roughness and undulation, even if a high-precision process is used to Komori, Takeoka, Kondo, Sato, Osawa and Takeda, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) manufacture the master gear. When the master gear is measured, the roughness and undulation cause high-and low-frequency waveforms with an amplitude of approximately 1 µm in the measured curve. Therefore, when the master gear is measured using a gear measuring instrument, it is impossible to distinguish whether the waveforms in the measured curve are generated by the form error of the master gear or the measurement error of the gear measuring instrument. This problem prevents the highly accurate evaluation and calibration of gear measuring instruments. In contrast, the reference surface of the concave spherical artifact is a concave spherical surface, which can be polished during manufacture. Thus, the roughness and undulation of the surface are extremely small. A concave spherical surface with an undulation between several tens of nanometers and 100 nm can be manufactured. Therefore, when the concave spherical artifact is used for the evaluation of the gear measuring instrument and a waveform having an amplitude of 1 µm appears in the measurement result, it is possible to clarify that the waveform is caused primarily by the measurement error of the measuring instrument, whereas this is not possible when the master gear is used. In addition, the concave spherical artifact is composed of a ball, a concave spherical surface, and a plane. These simply shaped parts are commercially available as standard products. Accordingly, these parts are readily available, and highly precise products can therefore be obtained at low cost. The proposed artifact has this advantage.
Method for evaluating a gear measuring instrument using a concave spherical artifact
The evaluation process of the accuracy of the gear measuring instrument using the concave spherical artifact is as follows. The gear measuring instrument outputs the deviation of the measured surface form from the theoretical involute form. Therefore, when the concave spherical artifact is measured, the gear measuring instrument outputs the measurement result ( Fig. 4(a) ), including the following three components:
(1) The deviation of the theoretical concave spherical surface from the theoretical involute form.
(2) The error of the concave spherical artifact. (3) The measurement error of the gear measuring instrument. Among these three components, (1) the deviation of the theoretical concave spherical surface from the theoretical involute form can be calculated mathematically, as shown by the theoretical measurement curve in Fig. 4(b) . The theoretical measurement curve corresponds to the measurement curve that an imaginary gear measuring instrument without any errors outputs when it measures an imaginary concave spherical artifact without any errors. Figure 4 (d) is Komori, Takeoka, Kondo, Sato, Osawa and Takeda, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) obtained by subtracting the theoretical measurement curve (Fig. 4(b) ) from the actual measurement curve (Fig. 4(a) ). Figure 4 (d) includes both (2) the error of the concave spherical artifact and (3) the measurement error of the gear measuring instrument. These errors are not separable. However, as described in the previous section, the effect of (2) the error of the concave spherical artifact is far smaller than that of (3) the measurement error of the gear measuring instrument because the concave spherical surface has high accuracy. Therefore, it is reasonable to consider that most of the waveform of Fig. 4 (d) is caused by (3) the measurement error of the gear measuring instrument. Thus, the accuracy of the gear measuring instrument can be evaluated more precisely.
Theoretical measurement curve
As described in Section 2.3, when evaluating the accuracy of the gear measuring instrument using the concave spherical artifact, it is essential to calculate the theoretical measurement curve (difference between the theoretical concave spherical surface and the theoretical involute form). An equation for the theoretical measurement curve is derived in this section. Figure 5 shows a two-dimensional geometrical diagram of the contact between the concave spherical surface and the stylus tip of the gear measuring instrument. Point O is the position of the rotational axis of the gear measuring instrument. The y-axis is parallel to the sensing direction of the stylus, and the x-axis is perpendicular to the y-axis. Point M is the center of the concave spherical surface. Point A is the origin of the reference involute curve. Point L is the intersection of the line of action (tangential line of the base circle of the reference involute curve, which is parallel to the y-axis) and the x-axis. The center of the stylus tip is on the line of action. The center of the stylus tip is denoted by P I when the stylus tip contacts the reference involute curve at point B and is denoted by P S when the stylus tip contacts the concave spherical surface. The curvature radius of the concave spherical surface is denoted by r c , and the distance between the center of the center ball and the center of the concave spherical surface is (1) Contact condition between the concave spherical surface and the stylus tip of the gear measuring instrument Komori, Takeoka, Kondo, Sato, Osawa and Takeda, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) The distances L P I and L P S are obtained as follows:
Thus, the distance I S P P , which is the deviation of the stylus tip between the measurements of the reference involute curve and the concave spherical surface, is:
The distance I S P P denotes the output from the gear measuring instrument. The variation in I S P P according to the rotation of the concave spherical artifact on the gear measuring instrument can be obtained by calculating I S P P for each ε using Eq. (7). The theoretical measurement curve can be calculated in this manner. Figure 6 shows an example of the theoretical measurement curve calculated using Eq. (7), where the distance between the center of the center ball and the center of the concave spherical surface r d is 50.568 mm, the curvature radius of the concave spherical surface r c is 25 mm, the base circle radius of the reference involute curve r b is 50 mm, and the radius of the measuring stylus tip r p is 2.5 mm. In this example, the dimensions of the concave spherical artifact are chosen so that the profile of the concave spherical surface of the concave spherical artifact is similar to that of the reference involute curve. The theoretical measurement curve has a 'W' shape with two valleys and a peak, and the heights of two valleys are the same. On the other hand, if the profile of the concave spherical surface of the concave spherical artifact is not similar to that of the reference involute curve, the heights of two valleys of the theoretical measurement curve are different and 'W' shape changes. 
Design of the concave spherical artifact 3.1 Dimensions of the artifact
In designing the concave spherical artifact, the dimensions must be determined so as to be appropriate for the profile measurement. In other words, the concave spherical artifact must be designed so that the profile of the concave spherical surface of the artifact is close to that of the reference involute curve. In this section, an artifact is designed for the condition whereby the base circle radius of the reference involute curve r b is 50 mm and the radius of the measuring stylus tip r p is 2.5 mm.
Concave spherical surface and its position
The curvature radius r c and the position (distance between the center of the center ball and the center of the concave spherical surface r d ) of the concave spherical surface of the artifact are designed so that the form and position of the concave spherical surface are similar to those of the target gear tooth flank, as shown in Fig. 5 . Equation (7) is used in order to obtain the curvature radius and position satisfying this condition. Namely, Eq. (7) is calculated under the condition that the curvature radius and the position of the concave spherical surface are given, and the theoretical measurement curve is obtained. If the 'W' shape of the theoretical measurement curve is flatter, the form and position of the concave spherical surface are closer to those of the target gear tooth flank. In this process, the measurable stroke of the displacement sensor of the gear measuring instrument must be considered. Since typical gear measuring instruments are designed to precisely measure the small deviation between the theoretical tooth flank (involute tooth flank) and the actual tooth flank, measurement is impossible when the deviation between the theoretical and actual Komori, Takeoka, Kondo, Sato, Osawa and Takeda, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) tooth flanks is too large. For example, the measurable stroke of a gear measuring instrument is 200 µm. In such a case, as shown in Fig. 7 , measurement becomes impossible when the deviation from the valley point at the bottom exceeds 200 µm. Accordingly, the rotational angle at which the deviation is under 200 µm is the measurable range (measurable rotational angle). As this measurable rotational angle increases, the range from the tip to the root of the tooth flank that can be evaluated increases. In designing the curvature radius r c and the position r d of the concave spherical surface, the theoretical measurement curve is calculated using Eq. (7), and the measurable rotational angle is then calculated as a function of variables r c and r d considering the measurable stroke of the displacement sensor of the gear measuring instrument. Subsequently, the curvature radius r c and the position r d of the concave spherical surface are determined so that the measurable rotational angle is maximum. In the present paper, curvature radii r c of the concave spherical surfaces of 20 mm and 25 mm are investigated considering the availability of commercially available products with concave spherical surface (lenses). Under these conditions, the optimal position r d of the concave spherical surface is investigated where the measurable rotational angle is maximized. Figure 8 shows the theoretical measurement curves for each curvature radius of the concave spherical surface, where the optimal position of the concave spherical surface is adopted. Both theoretical measurement curves are 'W' shaped, and the heights of two valleys are the same. In other words, the measurable rotational angle can be maximized by designing the artifact so that the theoretical measurement curve is 'W' shaped curve with two valleys of the same height. The measurable rotational angle is 46 degrees for r c = 20 mm and 52 degrees for r c = 25 mm. Based on this result, a curvature radius r c of 25 mm for the concave spherical surface is chosen for use in the present study. In this case, the optimum position r d of the concave spherical surface is 50.568 mm, which is chosen so that the measurable rotational angle is maximum based on the above-mentioned method. Next, the existing range of the concave spherical surface (c.f. θ 1 and θ 2 in Fig. 9 ) is designed. The larger the value of θ 1 or θ 2 , the larger the range from the tip to the root of the tooth flank that can be evaluated. However, the artifact is rotated in the measurement, and the relative position between the stylus and the concave spherical surface is changed. Therefore, the edge of the concave spherical surface and the stylus axis possibly interfere, as shown in Fig. 10 . In such a case, measurement is impossible, even for a measurable rotational angle. For example, if θ 1 is larger, the interference Komori, Takeoka, Kondo, Sato, Osawa and Takeda, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) shown in Fig. 10 is more likely to occur. As such, the effective measurable rotational angle might be smaller in the case of large θ 1 than in the case of small θ 1 . Therefore, in the determination of the existing range θ 1 and θ 2 of the concave spherical surface, the effective measurable rotational angle must be calculated considering the interference between the edge of the concave spherical surface and the stylus axis. In the present paper, θ 1 and θ 2 were specified as 15 degrees considering the availability of the commercially available products with a concave spherical surface (lenses). Suppose that a concave spherical artifact with a distance between the center of the center ball and the center of the concave spherical surface r d of 50.568 mm, a curvature radius of the concave spherical surface r c of 25 mm, and θ 1 and θ 2 of 15 degrees is measured under the condition that the base circle radius of the reference involute curve r b is 50 mm, the radius of the measuring stylus tip r p is 2.5 mm, and the diameter of the stylus axis d a is 2 mm. The effective measurable rotational angle without interference between the concave spherical surface and the stylus axis was calculated to be 29 degrees. Assuming an internal gear with a base circle radius r b of 50 mm and 50 teeth, a rotational angle of 29 degrees is sufficient to measure the tooth flank from tip to root. Therefore, a concave spherical surface with θ 1 and θ 2 of 15 degrees is adopted for use in the present study.
Center ball
The radius of the center ball of the artifact does not affect the theoretical measurement curve. However, if the center ball is too small, it is difficult to measure the center ball in the calibration of the artifact or the adjustment of the artifact on the measuring instrument. On the other hand, if the center ball is too large, the stylus might interfere with the center ball during the profile measurement. Therefore, the radius of the center ball must be determined based on these considerations. It is thought to be reasonable to use a steel ball as the center ball because high-accuracy products are readily commercially available. There is an industrial standard for the balls of rolling bearings (ISO3290), which lists the selectable ball radii. Therefore, it is practical to choose the ball radius from the list in this standard. Under these considerations, a steel ball with a diameter of 12.7 mm is chosen as the center ball for use in the present study.
Base plate
The dimensions of the base plate must be determined considering the following conditions: the area of the upper face of the base plate must be large enough to accommodate the concave spherical surface and the base plate must be thick enough to allow the surface to be very flat. In the present study, the radius and thickness of the base plate are chosen to be 90 mm and 30 mm, respectively.
Materials
This section describes the material used to manufacture the artifact.
Material of the concave spherical surface
The following four conditions must be satisfied in choosing the material of the concave spherical surface. Considering these conditions, quartz glass is chosen as the material for the concave spherical surface in the present study. Quartz glass is widely used for concave spherical lenses. As such, processing techniques are highly developed, and highly accurate concave spherical surfaces can be manufactured. Accordingly, quartz glass satisfies condition (a). In addition, the Knoop hardnesses of lens materials are 560 for normal glass, 610 for BK7, and 650 for synthetic quartz. Therefore, in terms of condition (b), quartz glass is the superior material among the glasses used for manufacturing lenses. Concerning condition (c), the coefficient of thermal expansion of quartz glass is approximately 1×10 -7 K -1 , which is 1/100 th of that of the stainless steel SUS410 that is generally used for machine parts. In terms of condition (d), lenses with concave spherical surfaces made of quartz glass are commercially available at a low cost. Based on these Komori, Takeoka, Kondo, Sato, Osawa and Takeda, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) conditions, quartz glass is chosen as the material for the concave spherical surface.
Material of the center ball
As described in Section 3.1.2, a steel ball is used as the center ball. In the present study, SUJ2, which is generally used for steel rolling bearings and is readily commercially available, is adopted as the material of the center ball.
Material of the base plate
Thermal expansion of the base plate of the concave spherical artifact directly affects the distance between the center of the center ball and the center of the concave spherical surface r d . The slight change in r d greatly affects the shape of the theoretical measurement curve. Therefore, it is necessary to reduce the thermal expansion. As such, in determining the material of the base plate, the coefficient of thermal expansion of the material is important. In addition, high flatness is required for the upper face of the base plate, because it is used as the reference surface of the artifact. Therefore, an appropriate material should be selected for this purpose. As described in Section 3.2.1, the coefficient of thermal expansion of quartz glass is extremely small. Moreover, processing techniques for plane surfaces are highly developed in the manufacture of lens products, and high-flatness surfaces can be obtained using quartz glass. Therefore, quartz glass is selected as the base plate material.
Method of fixing the center ball and concave spherical lens
It is necessary to fix the center ball and the concave spherical lens to the base plate. Although the use of screws is one method for attachment, machining of the parts, i.e., the center ball, concave spherical lens, and base plate, degrades the accuracy. As such, in the present paper, a fixing method using an adhesive is adopted in order to minimize parts machining. The center ball and the concave spherical lens are attached to the base plate using an epoxy-based adhesive (EP-34B; Kyowa Electronic Instruments Co., Ltd.). For the center ball, counterboring with a diameter of 9.5 mm and a depth of 4 mm is performed at the center of the base plate. The center ball is fixed in the counterbore hole using the adhesive. If the concave spherical lens is directly attached to the base plate, the fixing strength is insufficient because the bonding area is small. Therefore, in the first process, the concave spherical lens is attached to the L-shaped part shown in Fig. 11 , and this L-shaped part is attached to the base plate. A hole with the same shape as the bottom of the L-shaped part and having a depth of 2 mm is bored into the base plate. The L-shaped part is then fixed to the bore hole using the adhesive. Figure 12 shows a manufactured concave spherical artifact. Manufacture was completed without any problems. The distance between the center of the center ball and the center of the concave spherical surface of the manufactured artifact, the radius and the sphericity of the concave spherical surface, and the flatness of the upper face of the base plate were measured using a coordinate measuring machine (Leitz PMM 866). Four postures were considered, and measurements were performed three times for each posture. In other words, twelve measurements were performed for each measurement item. The average distance between the center of the center ball and the center of the concave spherical surface was 50.37076 mm. The average curvature radius of the concave spherical surface was 25.02044 mm, and the average sphericity of the concave spherical surface was 0.31 µm. The average flatness of the upper face of the base plate was 0.57 µm. The measurement result for the distance between the center of the center ball and the center of the concave spherical surface is slightly different from the designed value (50.568 mm). However, this is not a problem because the calibrated value obtained here is used in the calculation of the theoretical measurement curve and in the Komori, Takeoka, Kondo, Sato, Osawa and Takeda, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) actual measurement.
Manufacture and calibration of the concave spherical artifact
The flatness of the upper face of the base plate is also measured using a flat surface interferometer (Fizeau interferometer). Figure 13 shows the result. There are two unmeasurable areas, which are projections of the center ball and the concave spherical lens. The measurement result obtained using the interferometer and that obtained using a coordinate measuring machine were verified to be approximately the same. Manufactured concave spherical artifact Fig. 13 Results from the measurement of the upper face of the base plate using an interferometer 5. Evaluation experiment of a gear measuring instrument using the proposed concave spherical artifact
Experimental method
An experiment to evaluate a gear measuring instrument was performed using the manufactured concave spherical artifact, and the effectiveness of the concave spherical artifact was verified. Figure 14 shows the gear measuring instrument (OSAKA SEIMITSU KIKAI Co., Ltd.) used in the experiment. The experiment was conducted as follows.
First, the position and posture of the artifact were adjusted on the gear measuring instrument. In the measurement, the artifact must not be placed eccentrically with respect to the gear measuring instrument. In other words, it is desirable for the center of the center ball of the concave spherical artifact to be located on the rotational axis of the gear measuring instrument. Therefore, an adjustment is performed to minimize the distance between the center of the center ball and the rotational axis of the gear measuring instrument. The stylus of a dial indicator is placed on the vertical surface of the center ball, as shown in Fig. 15(a) , and the concave spherical artifact is rotated using the rotary stage of the gear measuring instrument in the adjustment process. The displacement measured during the rotation of the concave spherical artifact indicates the eccentricity of the concave spherical artifact. Then, the position of the artifact is adjusted so as to minimize this displacement. In addition, the upper face of the base plate must be perpendicular to the rotational axis of the gear measuring instrument. Therefore, the inclination of the concave spherical artifact is adjusted as shown in Fig. 15(b) . The stylus of a dial indicator is placed on the peripheral region (outside the concave spherical lens) of the upper face of the base plate, and the concave spherical artifact is rotated using the rotary stage of the gear measuring Komori, Takeoka, Kondo, Sato, Osawa and Takeda, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) instrument. The measured displacement during rotation indicates the inclination of the concave spherical artifact. Then, this displacement is minimized in order to adjust the posture of the artifact. The adjustment of the position and the posture is performed with the artifact placed on a mounting jig that can adjust the position in the horizontal plane and the inclination from the horizontal plane.
Then, measurements are performed in the same manner as the profile measurement of an internal gear using the automatic measurement function of the gear measuring instrument. The concave spherical artifact is measured as an internal gear with a module of 1.99092, a pressure angle of 20 degrees, 52 teeth, a pitch circle diameter of 103.5278 mm, and a base circle diameter of 100.0002 mm. This gear geometry is determined such that the theoretical measurement curve becomes 'W' shaped when it is calculated based on the calibrated distance between the center of the center ball and the center of the concave spherical surface and the calibrated curvature radius of the concave spherical surface. The measured radial range, which corresponds to the range from the tip circle to the root circle of the internal gear, is determined so that the stylus axis does not interfere with the concave spherical lens (c.f. Fig. 10 ). An SKS ball with a radius of 2.5 mm is used as the stylus of the gear measuring instrument. Ten measurements were taken under this condition. Figure 16 shows the set-up of the measurement experiment. The measurement was completed without any problems. In addition, it was confirmed that the lens was not damaged by contact with the stylus. Figure 17 shows an example of the actual measurement curve obtained using the gear measuring instrument and the theoretical measurement curve. The solid line is the actual measurement curve, and the dashed line is the theoretical measurement curve. The actual measurement curve is approximately the same as the theoretical measurement curve. The deviation curves between the actual measurement curve and the theoretical measurement curve for the results of the ten measurements are shown in Fig. 18 . The fluctuations of the deviation curves are within the range of approximately ±1 µm. This result also indicates that the actual measurement curves and the theoretical measurement curve are in good agreement. Therefore, the calculation equation for the theoretical measurement curve was verified. In addition, the shapes of the ten deviation curves are similar, which indicates that repeatability at the level shown in Fig. 18 can be achieved in the measurement of the concave spherical artifact using the gear measuring instrument. Fig. 18 Deviation curves between the actual measurement curve and the theoretical measurement curve for ten measurement results
Experimental results and discussion
As described in Section 2.3, the fluctuation in the deviation curves in Fig. 18 is caused by (1) the error of the concave spherical artifact and (2) the measurement error of the gear measuring instrument. It is impossible to separate the contributions from these two sources of error to the fluctuations. However, it is thought that within the fluctuation of ±1 µm in the deviation curve shown in Fig. 18 , a fluctuation of approximately 0.31 µm is caused by the error of this artifact because the sphericity of the concave spherical surface of this artifact is 0.31 µm, whereas the remainder of the fluctuation is thought to be strongly related to the measurement error of the gear measuring instrument. The measurement error of the gear measuring instrument can be evaluated using this estimation process. A concave spherical artifact with a higher accuracy than the manufactured artifact is feasible because the concave spherical surface can be manufactured with an accuracy of several tens of nanometers. By using such a high-precision artifact, it is possible to more accurately evaluate the gear measuring instrument.
Conventional master gears for internal gears have grinding marks on their reference surfaces, which cause fluctuations of over 1 µm in the measurement curve. Therefore, it is difficult to accurately estimate the measurement error of the gear measuring instrument from the measurement result of the master gears. Using the proposed concave spherical artifact, the measurement error of the gear measuring instrument can be evaluated more accurately because Komori, Takeoka, Kondo, Sato, Osawa and Takeda, Journal of Advanced Mechanical Design, Systems, and Manufacturing, Vol.10, No.4 (2016) the undulation on the reference surface of the concave spherical surface is small (several tens of nanometers). Based on the above results, the effectiveness of the proposed concave spherical artifact was verified.
As shown in Fig.18 , measurement of the concave spherical artifact revealed that high-frequency fluctuation and low-frequency fluctuation exist in the measurement result. The error factors causing these fluctuations are not discussed in this paper because the purpose of this experiment is to verify the effectiveness of the concave spherical artifact. The relation between these fluctuations and each error factor of the gear measuring instrument is complicated. However, by analyzing the relation in the further research, it is supposed that the error factors can be specified from the measurement result of the concave spherical artifact.
Conclusion
In order to evaluate and calibrate the accuracy of the internal gear measurement of a gear measuring instrument, a highly precise artifact is needed. Conventional artifacts, which are called master gears, have a complicated reference surface profile. Accordingly, their manufacture is difficult. Moreover, the achievable accuracy is limited, and manufacturing costs tend to be high. In order to address this problem, a concave spherical artifact is proposed for evaluating the measurement accuracy of the internal gear. The concept of the artifact was proposed, and a theoretical analysis was performed. A concave spherical artifact was designed and manufactured, and a measurement experiment using the proposed artifact was carried out. The following conclusions were obtained:
(1) The concept of the concave spherical artifact was described, and a method for evaluating a gear measuring instrument using the proposed artifact was explained. A mathematical model of the situation in which the proposed concave spherical artifact is measured using a gear measuring instrument was constructed. A theoretical measurement curve can be obtained using the model, which is an imaginary measurement curve when the concave spherical artifact is measured using the gear measuring instrument without any errors. The theoretical measurement curve was shown to be 'W' shaped.
(2) The proposed concave spherical artifact was designed. The design procedures of the parts, e.g., concave spherical surface, center ball, and base plate, were explained. The concave spherical artifact was manufactured based on this design.
(3) A measurement experiment using the manufactured concave spherical artifact was performed using the gear measuring instrument. The measurement was completed without problems. Comparison of the actual measurement curve and the theoretical measurement curve revealed that the curves are similar, and the constructed mathematical model was verified to be correct. The experimental result revealed that the concave spherical artifact is effective for accurately evaluating the measurement error of the gear measuring instrument because of the high accuracy of the artifact.
